Decapsulation of a SOT23 semiconductor package with 23 um copper wire bonds is conducted with an especially designed microwave induced plasma system. It is found that a 30%-60% CF 4 addition in the O 2 /CF 4 etchant gas results in high molding compound etching rate. Si 3 N 4 overetching which is encountered in plasma decapsulation is solved by an improved etching process. Critical processing parameters are investigated and 350 um thick molding compound on top of the die is removed selectively by pure plasma etching for 6 minutes, which is at least 10 times faster than conventional plasma etchers.
Semiconductor devices are routinely decapsulated for failure analysis and quality control. For plastic semiconductor packages, molding compound has to be removed selectively in a reasonable processing time (see Fig. 1a ; 1b). The compositions in molding compound are epoxy (10-30%Wt), silica fillers (70-90%Wt), and small amounts of coupling agents, hardener, releasing agents, flame retardants, etc. It is crucial that all the metal bond wires, aluminum bond pads, and silicon die remain undamaged so that further analysis like Optical Microscopy, Scanning Electron Microscopy (SEM), Photo Emission Microscopy, etc. can be performed. If the decapsulation process causes damage to any of the above mentioned parts in the package, possible failure sites will be removed and important information will be lost.
Conventional decapsulation technique is to use hot nitric and sulfuric acid to etch away the molding compound. Acid etching is fast (several minutes for a semiconductor package) and works fine with gold wire bonded packages. However, the switching to copper wire bonding in industry [1] [2] [3] due to cost concerns has raised a problem for acid decapsulation because copper wires are more susceptible to be corroded and damaged by the acid. Optimizing the recipes can improve the process, 4 but the new epoxy materials used in molding compounds are becoming more and more resistant to acid attacks. Laser can be used to ablate the molding compound, 5, 6 but it cannot be used to expose the silicon die because of the high risk of causing catastrophic damage to the structures on the die. Conventional plasma etchers that use a vacuum chamber and a radio frequency (RF) power source are capable of etching silicon containing materials so they can also be used for decapsulation. But the extremely low etching rate compared 7, 8 to acid etching (several hours or even days for one package) and high potential of electrical damage due to the charging effects in the chamber make plasma decapsulation not a good solution.
It has been reported before that a microwave induced plasma system is a unique approach to decapsulate copper wire bonded semiconductor packages. 9, 10 Molding compound can be removed selectively at a high etching rate (100 um/min) leaving the copper wire bonds and aluminum bond pads undamaged. 10 The only problem is unwanted overetching of Si 3 N 4 passivation layer on top of the Si die. Optimizing plasma recipes help to reduce overetching of structures on the die but due to the nature of plasma chemistry, the Si 3 N 4 passivation is always removed. In this paper, we report improvements with focus on preventing damage to the Si 3 N 4 passivation layer by an improved plasma etching process. z E-mail: j.tang@tudelft.nl
Experimental setup
The plasma system basically consists of a microwave generator (Sairem solid-state, f = 2450+−20 MHz, P = 0 ∼ 180 W), a Beenakker type microwave resonant cavity, 11 an alumina gas discharge tube (6 mm outer diameter, 1.2 mm inner diameter, 10 cm length), a programmable XYZ-stage, and a CCD camera (see Fig. 2a ). The cavity has a hollow structure and is designed to resonate in the TM 010 mode at 2450 MHz. Microwave power is coupled from the coaxial cable into the cavity by an antenna loop. Modification on the original antenna is made in order to improve the microwave coupling of the system when sustaining argon plasma. Power reflection is maintained below 5% throughout the etching experiments.
The system operates under atmospheric pressure thus a vacuum system is not needed. Argon is used as the plasma carrier gas. Oxygen and carbontetrafluoride gas are added into the plasma as etchants. The semiconductor package samples are placed at about 2 cm below the plasma source. A picture of an argon plasma generated by this system is shown in Fig. 2b . When etchant gas is added into the argon plasma, energy is lost to dissociate oxygen and carbontetrafluoride into atomic oxygen and fluorine respectively. As a result, the length of the plasma filament will decrease when etchant gas is added. During decapsulation experiments, the plasma filament remains inside the cavity and the microwave stray field is only measurable when the microwave leakage detector (Sairem IFP) is placed at less than 7 cm to the plasma filament. The low stray field (<2 mW/cm 2 at 5 cm from plasma) ensures no electrical damage to the semiconductor chip during decapsulation due to the RF field. The effluent of the plasma, that carries the radicals, flows downwards to the surface of the semiconductor package sample where etching takes place.
Plasma etching leaves a spherical cap dent with a diameter around 4 mm. The depth of the dent depends on the plasma recipe and etching duration. When uniform etching on a larger area is needed, the semiconductor package is scanned under the plasma effluent by using the programmable XYZ-stage. The scan route and speed can be specified and programmed so that precise localization control and high reproducibility can be achieved. The CCD camera provides real time imaging of the semiconductor package surface under plasma etching (see Fig. 2c ). This adds value for failure analysis as inspection during layer by layer decapsulation is possible. The image from the CCD camera is used as feedback to the etching process control and it clearly shows the bond wires and die exposed during plasma etching.
Experimental
The two major components in molding compound used in plastic semiconductor packages are epoxy (10-30%Wt) and silica fillers (70-90%Wt). Oxygen radicals in the plasma effluent react with epoxy while fluorine radicals react with silica filler. Oxygen plasma etching leaves a layer of silica agglomerate residue that cannot be easily removed. This silica layer blocks further etching of molding compound by the plasma effluent. Carbontetrafluoride plasma only etches the silica filler thus molding compound etching rate is extremely low. Only when both oxygen and carbontetrafluoride are added into the plasma can a high molding compound etching rate be achieved. The epoxy in molding compound is completely etched. At the same time, the silica filler is etched at a low rate so that the filler agglomerate structure become loose. The gas flow from the plasma effluent blows off the etched silica filler efficiently. Plastic encapsulated SOT23 packages with 350 um molding compound on top of the die is used for the etching rate measurement. Due to the small size of the sample, the molding compound etching rate is measured indirectly. The etching time needed to expose the die is measured and the etching rate is calculated by dividing the thickness of molding compound by the etching time in order to get reliable values.
Maximum molding compound etching rate is found to be between 30-60% CF 4 addition (see Fig. 3) . A higher or lower CF 4 addition from this optimal range results in lower etching rate. A low CF 4 addition favors epoxy etching while a high CF 4 addition favors silica etching. As the molding compound is a mixture material, both epoxy and silica filler have to be etched simultaneously to achieve a high combined etching rate. When adding O 2 into a CF 4 plasma, reactions between CF 3 and O 2 increases the concentration of free F atoms. 12 The effect that the addition of CF 4 into O 2 plasmas increases epoxy etching rate [13] [14] [15] and the addition of O 2 into CF 4 plasmas increases silicon dioxide 12 etching rate also facilitates the molding compound etching by the Ar/O 2 /CF 4 mixture plasma.
Comparing to the etching rate values obtained from conventional plasma etchers, the molding compound etching rate of this plasma etching system is at least 10 times faster. One major reason of this difference is in volume power density and reactant flux. For conventional plasma etchers that use a vacuum chamber, the plasma fills in a large part of the chamber and the power density is low (typical plasma radius: 16 cm, height: 5 cm, volume: 1000 cm 3 , power: 0-500 W). For our plasma system the space where plasma is generated is very confined thus the power density is much higher (plasma filament radius: 1.2 mm, height: 20 mm, volume: 23 mm 3 , power: 0-100 W). A much higher power density ensures a much higher radical reactant flux and plasma etching rate. For decapsulation applications where normally an area of 1 cm 2 needs to be etched, using a confined plasma to scan across the semiconductor package is more suitable than using a large chamber of plasma and a mask to define a small area that is intended to etch. Fig. 4a ; 4b) with two 23 um copper wire bonds are performed by using a Ar/O 2 /CF 4 mixture plasma with 45 W input microwave power. 70% of O 2 and 30% of CF 4 in the etchant gas mixture is used to achieve a high molding compound etching rate. Higher input power results in a higher etching rate but also causes oxidization damage on the copper wire bonds. Semiconductor package is etched continuously for 5 minutes by this recipe until the wire bonds and die are all exposed as viewed through the CCD camera. The same type of package is decapsulated by acid as a reference. Comparing Fig. 4c with Fig. 4d , the copper bond wire after plasma etching is obviously more reddish in color. Detailed SEM analysis showed no loss in wire diameter or surface features by plasma etching as opposed to acid etching. Loss in wire diameter using acid etching strongly depends on overetch time and temperature control. Thus, samples after acid decapsulation show quite some variation. For a well-designed hot acid etching process measurements show that a 23 um copper wire diameter may reduce up to 2 um while also the surface roughness increased. This indicates the copper wire bonds after plasma etching is in much better condition than after acid etching. However, the surface of the die after plasma etching appears to be more rough and unclean. Further analysis under SEM showed the Si 3 N 4 passivation layer on top of the die is completely removed and overetching on the silicon die left rough porous structures after plasma etching (see Fig. 4e ). SEM picture on acid etching result showed the Si 3 N 4 passivation and silicon die are in good condition but the copper wire bond suffered shrinkage in size due to acid etching (see Fig. 4f ). Although optimization of recipes helps to reduce damage in both deprocessing methods, etching of Si 3 N 4 passivation by plasma decapsulation [16] [17] [18] and etching of copper wires by acid decapsulation seems inevitable.
Plasma decapsulation with the non-improved process (Overetching of Si 3 N 4 passivation and die structures).-Decapsulation of a SOT23 package (see

Improved plasma decapsulation process (Optimized recipe: undamaged Si 3 N 4 passivation
).-To prevent etching of the Si 3 N 4 passivation layer at all, an improved plasma decapsulation process is developed. In the first step, Ar/O 2 /CF 4 mixture plasma is used to quickly remove thick molding compound (about 300 um) on top of the die in 4 minutes. The bond wires are exposed after this etching step but the ball bond and die are not exposed. The remaining 50 um molding compound act as a protection layer to the underlying Si 3 N 4 passivation layer to plasma etching. In the second step, Ar/O 2 mixture plasma is used to selectively etch away the epoxy in the remaining molding compound in 2 minutes. Because no fluorine containing gas is used, Si 3 N 4 and SiO 2 are not etched resulting in a remaining filler layer on top of the die. The silica filler residues, left after that the epoxy is removed from the molding compound, do not appear as a powder. Instead they form a layer of agglomerate that cannot be easily removed by gas blowing. The third step is a safe and clean way to remove the remaining layer of silica agglomerate by ultrasonic cleaning in water for 10 seconds. The cavitations generated in water are capable to dissociate the silica agglomerate into powder efficiently, leaving a clean surface of die and bond wires.
The silicon die, Si 3 N 4 passivation layer, and copper bond wires are undamaged at all after decapsulation and are in excellent condition for further failure analysis (see Fig. 5a ). The surface of the copper wires after the improved plasma etching process is smooth and the ball bonds are less attacked compared to the acid etched counterparts (see. Fig. 5b, Fig. 4f ). Electrical measurements (forward voltage at certain current) of the two bipolar diode devices in this package before and after plasma decapsulation showed no change in value. More than 20 samples are tested and all are undamaged indicating this process is safe for maintaining functionality of the device.
Improved plasma decapsulation process (Not optimized recipe: partial removal of Si 3 N 4 passivation).-The thickness of the blocking layer of molding compound after the first Ar/O 2 /CF 4 etching step must be more than 30 um. Otherwise the fluorine radicals will penetrate through the molding compound layer and reach the underlying Si 3 N 4 passivation. During Ar/O 2 /CF 4 plasma etching, the top layer of the molding compound is porous as epoxy is partly removed by oxygen radicals while the silica fillers are slower to remove and are left on the surface. The fluorine radicals diffuse through these pores and cause overetching of Si 3 N 4 even though a layer of loosestructured molding compound is still left on top of the die (see Fig. 6a ). Fig. 6b is a SEM picture showing the etching process where the Si 3 N 4 is completely removed in the lower area and partly removed in the upper area. Because the plasma recipe is developed to give a high molding compound etching rate, direct exposure of the die under the plasma for 10 seconds will cause complete removal of the Si 3 N 4 passivation. A further exposure under CF 4 containing plasma will cause overetching of the silicon on the die as seen in Fig. 4e .
Conclusions
Etching of molding compound by using a microwave induced atmospheric pressure Ar/O 2 /CF 4 plasma is investigated. 30-60% CF 4 addition in the O 2 /CF 4 etchant mixture gives high molding compound etching rate and selectivity. The critical thickness of molding compound blocking layer is found to be 30 um and below this value Ar/O 2 /CF 4 plasma overetching of Si 3 N 4 passivation on top of the die takes place. An improved plasma etching process by adding an O 2 plasma etching followed by an ultrasonic cleaning step successfully avoids overetching of Si 3 N 4 and Si. After 6 minutes plasma etching, the Si 3 N 4 passivation, Si die, 23 um copper wire bonds, and aluminum bond pads are cleanly exposed without damage. Devices 100% retain electrical functionality. The high molding compound etching rate and selectivity, low stray field, good localization control, and real time imaging ability makes the system efficient for decapsulation of copper wire bonded semiconductor packages for failure analysis and quality control.
